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Abstract 
Amine based post-combustion capture is seen as one promising technology for future coal fired power plants with CO2 capture. 
The coupled absorption/desorption system to remove the CO2 from the flue gas is highly integrated with the power plant and the 
downstream CO2 compression, transportation and storage. With increasing portion of alternative energy forms like e.g. wind 
power, the demand on modern coal-fired power plants to provide regulating net power is increasing, leading to frequent and fast 
load changes during operation. To make the implementation of CCS to these plants technically and economically feasible, the 
capture process has to be able to follow these fast load changes without restraining the overall plant performance. 
To investigate the transient behavior of the individual plant components, as well as the overall dynamic performance of the 
capture unit, step response tests have been performed at a 1 ton CO2/hour pilot plant for the amine-based post-combustion 
process within the EU project CESAR. The purpose of the tests was to gain knowledge about possible problems or bottlenecks 
during a dynamic operation where the plant is going from one operation point to another. Three operation parameters were 
changed stepwise and the response of the entire system was monitored. In this paper the results of the tests are shown and the 
response of the system is analyzed. 
In general, no unexpected observations were made and no bottlenecks were found during the step response tests performed. The 
overall system acts like a buffer for any perturbation at the inlet, which is a wanted effect considering the future downstream 
compression unit. The average time for the entire system to reach the new steady state operating conditions after the perturbation 
was between 1h 15min and 1h 45 min. However the interaction of the coupled absorber/desorber system led to fluctuations in the 
system, when all parameters have been changed simultaneously. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Coal-fired power plants are one of the major sources for CO2 emissions. Therefore CCS (Carbon Capture and 
Storage) technologies are seen as an important option for the future operation of coal fired power plants from an 
environmental but also from an economical point of view. 
The amine based post-combustion process is one of the most promising technologies for capturing the CO2 from 
the flue-gas and is being investigated in pilot-plant and demonstration-plant scale. In this process amine solutions 
are used in a coupled absorption-desorption cycle process to wash out the CO2 from the flue-gas stream. The energy 
demand for regenerating the amine solution in the desorption part of the process is usually provided by process 
steam taken from the water-steam cycle of the power plant and therefore the process has a big influence on the 
efficiency of the overall power plant process. 
The CO2 separation is highly integrated into the whole process chain from the combustion and the flue-gas 
cleaning upstream to the compression, transportation and storage downstream. Therefore the CO2 separation process 
has to meet a series of requirements coming from the connected processes in order to provide a working process 
chain. Due to the large dimensions of the process equipment and the large amounts of involved substances, there is a 
huge potential for energy savings in a dynamic operation of the process. 
With increasing portion of alternative energy forms like e.g. wind power, the demand on modern coal-fired 
power plants to provide regulating net power is increasing, leading to frequent and fast load changes during 
operation. To make the implementation of CCS to these plants technically and economically feasible, the capture 
process has to be able to follow these fast load changes without restraining the overall plant performance. 
 
Up to now little is known about the dynamic behavior of amine capture processes. Several researchers have 
addressed the issue of dynamic modeling of the post-combustion process ([1], [2]) but little experimental data and 
analysis of the dynamic behavior from pilot or demo scale capture processes is available in the literature. In this 
work the dynamic behavior of a CO2 capture plant has been investigated. The aim has been to identify possible 
problems and bottlenecks in the dynamic operation of a CO2 capture plant, when applied to a power plant. 
 
Within the European Union project CESAR, a 1 ton CO2/hour pilot plant for the amine-based post-combustion 
process is being operated at the DONG Energy power station at Esbjerg. The pilot plant includes all components of 
the full absorption/desorption cycle process and is processing a slip stream of the flue-gas taken from the hard-coal 
fired Esbjerg power station (ESV) [3]. To investigate the transient behavior of the individual plant components, as 
well as the overall dynamic performance of the capture unit, step response tests have been performed at the pilot 
plant. The experiments have been performed in open-loop control, eliminating the influence of control loops on the 
dynamic behavior as much as possible. 
2. CO2 absorption pilot plant at the Esbjerg Power Station  
As part of the EU project CASTOR (2004-2008), a 1 t/h CO2 capture pilot plant has been erected and operated at 
the coal-fired power station Esbjergværket. The pilot plant has been slightly modified and used for further testing in 
the follow-up EU project CESAR (2008-2011). The main purpose of the pilot plant has been to demonstrate the 
post-combustion capture technology in conjunction with a coal-fired power station. Additionally, the pilot plant has 
been used to test the performance of new energy efficient solvents and to validate modeling and laboratory results 
obtained by the different project partners. 
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The design of the pilot plant is 
based on the design of a standard 
industrial amine-based CO2 recovery 
plant with minor modifications. A 
flow diagram of the pilot plant is 
shown in Fig. 1.  
A slipstream of the flue gas from 
the power plant is taken after the 
desulphurization unit. The flue gas 
enters the absorber tower at the 
bottom in a counter current flow with 
the solvent. The absorber tower 
consists of four consecutive packed-
beds with a packing height of 4,25m 
and equipped with Mellapak 2X 
structured packing for CO2 absorption 
and one water wash bed at the top 
with a height of 3.0m. The purpose of 
the washing section is to reduce the 
solvent loss and to control the water 
balance of the process.  
The rich solvent from the absorber is pumped through two mechanical filters in series and a plate heat exchanger 
before fed to the stripper. The stripper has an internal diameter of 1.1 meter and consists of two 5.0 meters beds 
filled with IMTP50 random packing and a water wash bed at the top (3.0 meters of random packing IMPT50). The 
stripper pressure is controlled by an overhead valve. The heat necessary for regenerating the solvent is supplied by 
using utility steam from the power plant at 2.5bar(g) in a thermosyphon reboiler. The overhead vapors from the 
stripper are quenched in a condenser. The condensate is returned to the stripper wash section and the resultant gas, 
essentially pure CO2 saturated with water, is returned to the ESV flue gas duct. After heat integration with the rich 
solvent, the lean solvent is cooled down to its final set point before being fed to the top of the absorber. Additional 
process alternatives are available in the pilot plant (e.g. lean vapor recompression (LVC), absorber inter-cooling, 
solvent reclaiming), but these operation modes have not been used within this study. A more detailed description of 
the pilot plant and its modifications in the CESAR project can be found in [3] and [4], [5]. 
In order to monitor the plant performance, the pilot plant is fitted with a series of measurement equipments and 
sensors for e.g. temperature, pressure and flow throughout the plant as well as CO2 measurements at the inlet and the 
outlet of the absorber with IR analyzers.  
3. Transient test program 
The purpose of the transient step response tests was to gain knowledge about possible problems or bottlenecks 
during a dynamic operation where the plant is going from one operation point to another (part load  full load). 
Therefore the main operation parameters were changed stepwise and the response of the entire system was 
monitored. The plant was operated in open-loop control as far as possible, keeping all other parameters constant 
during the operation in order to minimize the effect of any control loops in the system and to monitor the response 
of the process itself. During these tests, the plant has been operated with MEA as a solvent without inter-cooling and 
lean vapor recompression. 
The parameters studied were the flue gas flow rate ( FGF ), the solvent flow rate ( MEAV ) and the reboiler duty as 
steam flow rate to the reboiler ( Q ). The range of the variation was approximately between 70 and 100%.  
At the beginning the plant was operated at an optimal set point where 90% removal efficiency is reached, 
independent if the starting set point was at 70 or at 100%. After a steady set point was reached, one of the specified 
variables was increased to the new set point, while all other variables were kept constant. The resulting testing 
matrix is shown in Table 1. 
 
Fig1: Simplified flow diagram of the pilot plant at the Esbjerg power station 
R. Faber et al. / Energy Procedia 4 (2011) 1427–1434 1429
4 Author name / Energy Procedia 00 (2010) 000–000 
 
In tests 1 and 2 the flue gas flow rate was changed from 5000 to 3500 Nm³/h and from 4100 to 5000 Nm³/h 
representing a change in the plant load. The results will give an indication about the delay time of the process and 
the effects on the removal efficiency and the energy demand. In Tests 3 and 4 the steam flow to the reboiler was 
changed from 1840 to 1405 and from 1560 to 1800 
kg/h respectively. In tests 5 and 6 the solvent flow 
rate was modified between 18 and 14,4 m³/h. To 
simulate a feed-forward type of control structure, 
all three parameters were stepwise changed 
downward and upward in tests 7 and 8. 
The results from these tests could give 
indications on operation modes in transient load-
changing conditions, for the design of the process 
and especially control configurations. Furthermore 
it could be used for the validation of dynamic 
process models. 
4. Test results 
In this section, the result from selected tests are shown and analyzed.  
4.1. Transient results test 1 - flue gas flow rate down 
In this test the flue gas flow rate was changed from 5000 to 3500 Nm³/h. In Fig. 2 the trend of the three 
manipulated variables is shown. It can be seen, that the reboiler duty as well as the solvent flow rate are almost 
constant during the experiment and that the flue gas flow rate is also very stable before and after the perturbation. 
 
In Fig. 3, the response of the system 
is shown with the focus on the stripper 
side. The diagram shows the trend of the 
CO2 product flow rate, the temperature 
of the clean gas, the calculated removal 
efficiency and the temperature at the 
stripper top. 
 
It can be seen that there is a quite 
long response time for the whole process 
(from inlet to CO2 product). At first 
there is a dead time of roughly 10 
minutes where the CO2 product flow rate 
remains unaffected by the input 
perturbation. Then a decrease in the CO2 
product flow rate to the final value can 
be observed, showing a 2nd-order lag element behavior. The removal efficiency increases up to almost 99% as 
much more solvent and regeneration energy is provided to the system compared to flue gas and therefore CO2 is 
available due to the reduction in the flue gas flow rate. The fluctuations in the calculated removal efficiency that can 
be seen towards the end of the test campaign result from a switch of the measurement position of the CO2 analyzer 
in order to measure the CO2 profile along the absorber column. Also a slight increase in the temperature at the top of 
the stripper could be observed, which would result in an increase in cooling duty in the CO2 condenser.  
 
Table 1: Test matrix for transient step response tests 
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Fig2: Input (manipulated) variables for test 1 (flue gas flow rate down) 
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The temperature at the top of the absorber strongly influences the water balance of the system, as the inlet and 
outlet of the absorber is always saturated with water. Therefore this parameter was still controlled by the water 
washing section during the experiment in order to maintain the water balance. The small bulge indicates a reduction 
of the temperature which leads to a water 
accumulation in the system. This reduction is 
after a short reaction time leveled out by the 
control. 
The perturbation in the flue gas flow inlet 
also affects the profiles within the absorber 
column. As the L/G ratio in the absorber 
changes, also the temperature (and 
concentration) profiles change. This can be 
seen in Fig. 4 and Fig. 5. In Fig. 4, the 
transient run of the temperatures at different 
locations within the absorber column are 
shown. It can be seen, that while the flue gas 
inlet temperature remains constant, all other 
temperatures are affected by the perturbation. 
The outlet temperature at the top of the 
absorber section (before the washing section) 
is reduced by approx. 5°K while all other 
temperatures within the column increase. This is due to an increase in the L/G ratio in the absorber and the washing 
section of the column. This has also an effect on the characteristics of the temperature bulge in the column as seen in 
Fig. 5 where the temperature profiles along the column height are shown at steady state before and after the 
perturbation. It can be 
seen, that the 
temperature bulge 
shifts towards the 
lower part of the 
column and also is 
much more 
pronounced. This on 
the other hand has also 
an effect on the mass 
transfer of CO2 as this 
is influenced by the 
location of the 
temperature bulge (see 
[6]).  
Altogether no 
unexpected 
observations were 
made during this test. All the effects observed were expected and can be explained. Also no bottlenecks or show-
stoppers could be observed. The systems acts like a buffer for perturbations at the inlet. A step decrease of the flue 
gas inlet has a residence time of approximately 1h45 until the final value for the product flow rate is reached. 
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Fig. 5: Temperature profiles before and 
after perturbation (test1) 
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Fig. 4: Temperatures within absorber during transient test 1 
400
420
440
460
480
500
520
540
560
580
600
29.06.
15:00
29.06.
15:15
29.06.
15:30
29.06.
15:45
29.06.
16:00
29.06.
16:15
29.06.
16:30
29.06.
16:45
29.06.
17:00
29.06.
17:15
29.06.
17:30
[m
³/h
]
20
30
40
50
60
70
80
90
100
110
120
CO2_prod_flow Step Cleangas_T_out Removal_eff Stripper_T_top
Fig. 3: Response of the system for test 1 (flue gas flow rate down) 
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The overall system acts like a buffer for 
any perturbation at the inlet, which is a 
wanted effect considering the future 
downstream compression unit. In Fig. 6 the 
change rate of the CO2 product flow is 
shown, following a step change of the flue 
gas inlet (test 6a). It can be seen that despite 
the rapid change of the flue gas flow into the 
system, the change rate of the product stream 
leaving the system is not higher than 
2%/min. This is very important, if the load 
following capability of a power plant 
equipped with CO2 capture is investigated. 
There is an inherent buffer in the system that 
limits the change rate for all downstream 
units and processes. 
4.2. Transient results test 5 – lean MEA flow down 
In this test, the lean MEA flow has been changed from 18 to 14,4 m³/h while holding the other parameters 
constant. The manipulated variables for this test can 
be seen in Fig. 7. It can be seen, that the flue gas 
flow rate as well as the reboiler duty was very stable 
during the experiment. In this case, there is a 
mismatch between the MEA flow rate and the CO2 
in the flue gas created leading to the situation, that 
less CO2 will be captured and the removal rate of the 
system is decreased. In this test, the strong coupling 
of the system between the absorber and the desorber 
unit can be analyzed well. In Fig. 8 the output 
variables are shown. As expected, the clean gas CO2 
concentration at the outlet of the absorber column 
rises as the lean amine solvent with the same lean 
loading but lower flow rate cannot capture enough 
CO2 to maintain the desired removal efficiency. 
After approx. 20 minutes, the feedback from 
the desorber starts to influence the operation 
of the absorber. As the reboiler duty is still 
high and the MEA flow rate is now also 
reduced in the stripper, more CO2 can be 
stripped out and the lean loading decreases. 
Therefore more CO2 can be captured again in 
the absorber and the removal efficiency is 
increased again. However, the new level of the 
clean gas CO2 concentration that is reached 
after roughly 80 minutes is not exactly the 
same level as at the beginning of the 
experiment. This can be explained by the non-
linear relationship between reboiler duty and 
solvent loading at low loadings. For example, 
stripping from 0.4 mol CO2/mol amine to 0.2 
requires more energy than stripping from 0.5 
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Fig. 8: Response of the system for test 5 (lean MEA flow down) 
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Fig. 7: Input (manipulated) variables for test 5 (lean MEA flow down) 
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Fig. 6: Change rate of CO2 product flow after step input (flue gas flow rate) 
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to 0.3 due to the need for more stripping steam in order to sustain the driving force. 
4.3. Transient results test 7 – feed forward, all parameters down 
Although the plant showed a predictable 
response in all tests, still some feedback 
behavior could be seen that needs to be 
obeyed when implementing a control 
structure for future capture plants. For 
example a fluctuating behavior of the plant 
occurred in tests 7 and 8. The purpose of this 
test was to investigate the feedback behavior 
of the system when a feed forward type of 
control structure would be applied by 
changing all three parameters simultaneously 
to the new set point value.  
The input parameters for test 7 are shown 
in Fig. 9. The response of the system is 
shown in Fig. 10. It can be seen that 
immediately after the perturbation all 
variables (CO2 clean gas concentration, 
product flow rate etc.) are influenced 
immediately. After that, the system 
starts to swing around the new set point. 
After more than 2 hours the system has 
still not reached the final steady state, 
although the CO2 product flow rate is 
already stable after approximately 1 
hour.  
This effect has to be kept in mind 
during the design of a control system for 
future capture plants. As in most cases 
feed-forward control structures tend to 
introduce the possibility of a fluctuating 
system. To be able to follow fast load 
changes, a feed-forward control 
structure is not suitable for this purpose. 
 
5. Conclusions 
Transient step response tests have been conducted at the post-combustion pilot plant at the Esbjerg power station 
to investigate the dynamic behavior of the plant to gain knowledge about possible problems or bottlenecks during a 
dynamic operation of the plant. Three parameters (flue gas flow rate, lean MEA flow rate and reboiler duty) have 
been selected and changed stepwise. The interaction of the different parameters has been studied and the response 
times of the individual plant units have been evaluated. 
In general, no unexpected observations were made and no bottlenecks were found during the step response tests 
performed. The main influencing parameter for the removal efficiency is the reboiler duty. When increasing the 
solvent flow rate from the optimum set point the removal efficiency was only affected temporarily and the same 
CO2 capture rate was established at the new steady state set point. When the solvent flow rate was decreased from 
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Fig. 9: Input (manipulated) variables for test 7 (all parameters down) 
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Fig. 10: Response of the system for test7 (all parameters down) 
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the initial set point, a lower removal efficiency was obtained, however. This can be explained by the non-linear 
relationship between reboiler duty and lean loading at low loadings. I.e. in this case the reboiler heat input (which 
was kept constant) was not sufficient to strip the solvent to a loading low enough to make up for the decrease in 
solvent recirculation rate. The interaction of the coupled absorber/desorber system led to fluctuations in the system, 
when all parameters have been changed simultaneously. 
The overall system acts like a buffer for any perturbation at the inlet, which is a wanted effect considering the 
future downstream compression unit. The average time for the entire system to reach the new steady state operating 
conditions after the perturbation was between 1h 15min and 1h 45 min. 
6. Acknowledgement 
This work was carried out under the European Commission’s 7th Framework Program Integrated Project CESAR 
(FP7/2007-2011) under grant agreement n° 213569. 
7. References 
[1] H.M. Kvamsdal, J.P. Jakobsen, K.A. Hoff, “Dynamic modeling and simulation of a CO2 absorber column for 
post-combustion CO2 capture”, Chemical Engineering and Processing (2008), 48 (1) , pp. 135-144 
[2] A. Lawal, M. Wang, P. Stephenson, H. Yeung, “Dynamic modelling of CO2 absorption for post combustion 
capture in coal-fired power plants” Fuel (2008), 88 (12), pp. 2455-2462 
[3] Jacob N. Knudsen, Jørgen N. Jensen, Poul-Jacob Vilhelmsen, Ole Biede, “Experience with CO2 capture from 
coal flue gas in pilot-scale: Testing of different amine solvents”, Energy Procedia 1 (2009), pp. 783–790. 
[4] Jacob N. Knudsen, “Evaluation of Process Improvements in Pilot Scale – Activities under the EU CESAR 
Project”, 12th Meeting of the International PCC Network – Regina, Canada 29 Sep. – 01 Oct. 2009 
[5] Jacob N. Knudsen, Jørgen N. Jensen, Jimmy Andersen, Ole Biede, “Evaluation of process upgrades and novel 
solvents for CO2 post combustion capture in pilot-scale” Energy Procedia (submitted) 
[6] H.M. Kvamsdal and G.T. Rochelle, “Effects of the Temperature Bulge in CO2 Absorption from Flue Gas by 
Aqueous Monoethanolamine”, Industrial & Engineering Chemical Research (2008), 47 (3), pp. 867-875 
1434 R. Faber et al. / Energy Procedia 4 (2011) 1427–1434
